Background: The four dengue virus serotypes, evolved from a common ancestor, are global human pathogens. Results: Interserotypic substitution of the functional domain essential for 5Ј-capping was detrimental to RNA replication. Conclusion: The chimeric RNA gradually evolves replication fitness through adaptive mutations in genes encoding two replication proteins. Significance: This study provides a possible pathway for generating attenuated dengue virus vaccine. . 2 The abbreviations used are: D1-D4, dengue virus types 1-4, respectively;
Flavivirus NS3 and NS5 are required in viral replication and 5-capping. NS3 has NS2B-dependent protease, RNA helicase, and 5-RNA triphosphatase activities. NS5 has 5-RNA methyltransferase (MT)/guanylyltransferase (GT) activities within the N-terminal 270 amino acids and the RNA-dependent RNA polymerase (POL) activity within amino acids 271-900. A chimeric NS5 containing the D4MT/D4GT and the D2POL domains in the context of wild-type (WT) D2 RNA was constructed. RNAs synthesized in vitro were transfected into baby hamster kidney cells. The viral replication was analyzed by an indirect immunofluorescence assay to monitor NS1 expression and by quantitative real-time PCR. WT D2 RNA-transfected cells were NS1-positive by day 5, whereas the chimeric RNAtransfected cells became NS1-positive ϳ30 days post-transfection in three independent experiments. Sequence analysis covering the entire genome revealed the appearance of a single K74I mutation within the D4MT domain ϳ16 days post-transfection in two experiments. In the third, D290N mutation in the conserved NS3 Walker B motif appeared >16 days post-transfection. A time course study of serial passages revealed that the 30-day supernatant had gradually evolved to gain replication fitness. Trans-complementation by co-expression of WT D2 NS5 accelerated viral replication of chimeric RNA without changing the K74I mutation. However, the MT and POL activities of NS5 WT D2 and the chimeric NS5 proteins with or without the K74I mutation are similar. Taken together, our results suggest that evolution of the functional interactions involving the chimeric NS5 protein encoded by the viral genome species is essential for gain of viral replication fitness.
Dengue viruses belong to the genus Flavivirus, within the family Flaviviridae. The genus Flavivirus contains at least 70 mosquito-borne or tick-borne viruses. Four serotypes of den-gue virus (D1-D4 2 ) are endemic or epidemic in Ͼ100 countries in tropical and subtropical regions of the world (1) . Dengue viruses cause at least 100 million infections annually throughout the world. More recent estimates are ϳ3 times higher (2) . Infected patients generally suffer from dengue fever, occasionally resulting in more severe diseases, especially during secondary infections by a different serotype, known as dengue hemorrhagic fever and/or shock syndrome with ϳ25,000 deaths each year (3) .
The Dengue virus genomes are 5Ј-capped positive-sense single-stranded RNAs. The ϳ11-kb length genome encodes a single polyprotein, NH 2 -C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-COOH, which is proteolytically cleaved by a combination of host-and virus-encoded proteases (NS2B-NS3) into three structural (C, prM, and E) and seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). The NS proteins are responsible for directing viral RNA replication, including synthesis of negative and positive strand RNAs and the addition of 5Ј-cap to the positive sense RNAs.
NS5 plays important roles in these processes as a multifunctional protein. The N-terminal domain of NS5 possesses methyltransferase (MT) and guanylyltransferase (GT) activities necessary for forming a mature RNA cap structure that protects the viral genome and directs efficient translation (4 -10) . The first step in 5Ј-capping of the positive strand progeny viral RNA is hydrolysis of ␥-phosphate of the 5Ј-triphosphorylated RNA, which is catalyzed by NS3 (11, 12) . Then GT activity of NS5 adds a GMP, hydrolysis product of GTP, to the 5Ј-diphosphorylated RNA to yield GpppN-RNA (13) . Finally, MT activity of NS5 transfers a methyl group from the S-adenosylmethionine (AdoMet) substrate to the N-7 position of the G in GpppN-RNA to yield 7-Me GpppN-RNA (cap 0 structure) (5) (for a review, see Ref. 14) . The 5Ј-stem-loop structure of the viral RNA is critical for the N-7-methylation (5) . A second methyl group is transferred to the 2Ј-OH moiety of the first nucleotide, A, of the viral RNA to yield 7-Me GpppA 2ЈOMe -RNA (cap1 structure) (4 -10) . Thus, 5Ј-capping of progeny viral RNA is processed through multiple enzymatic reactions. Little is known regarding the components of 5Ј-capping machinery, the RNA substrate requirements, and how these steps are modulated. For the dengue viruses, cap 1 structure is important for stability, efficient translation, and escape from the host innate immune response (reviewed in Refs. 14 and 15) .
The C-terminal domain of flavivirus NS5 contains conserved motifs shared by all RNA-dependent RNA polymerases (POLs). NS5 was experimentally shown to have polymerase activity (16 -18) . In the cytoplasm of D2-infected cells, NS5 exists as a complex with NS3 (19) as well as other proteins required for viral replication and 5Ј-capping (20, 21) . The nuclear localization signal in NS5, identified within the interdomain region between MT and POL domains, is also important for interaction with NS3, suggesting that NS3 binding masks the nuclear localization signal of NS5 and causes retention of the complex in the cytoplasm where the viral RNA replication occurs (for reviews, see Refs. 22 and 23 and references therein). Post-translational modification, such as phosphorylation, could expose the nuclear localization signal of NS5 and facilitate nuclear accumulation, albeit with unknown function.
NS3 is a multifunctional protein (22) . The N-terminal region of NS3 is a NS2B-dependent serine protease (see Ref. 24 for a review and references therein). The C-terminal region is an ATP-dependent RNA helicase and has an ATP-independent RNA annealing activity (25) . The ATPase active site of NS3 is also shared with that of 5Ј-RNA triphosphatase (11, 12) . There is evidence for an interdomain interaction between the NS2Btethered N-terminal NS3 protease domain and the C-terminal RNA helicase domain from the studies of NS3 mutations in the region downstream of the protease domain and upstream of the first conserved motif of RNA helicase domain of NS3 (26, 27) . Thus, multiple activities of NS3 and NS5 function in two important processes in the virus life cycle, RNA replication and 5Ј-capping.
NS5 is a highly conserved viral protein. The amino acid sequence similarities of the overall viral polyproteins among the four Dengue virus serotypes (D1-D4) vary from 69% (D1 or D2 versus D4) to 78% (D1 versus D3). These amino acid sequence identities of NS5 protein per se from D1-D4 are slightly higher than those among the polyproteins of D1-D4 between 74% (D2 versus D4) and 82% (D1 versus D3). In this study, we sought to investigate whether the interaction between the two domains in NS5 plays a role in viral replication. The D2MT domain of NS5 was exchanged with that of D4 in the context of full-length D2 RNA because these two serotype sequences have the least sequence identity. Our results provide new insight regarding the coordinated function of NS3 and NS5 in the virus life cycle.
EXPERIMENTAL PROCEDURES
Construction of Plasmids-Construction of a full-length cDNA of D2 (New Guinea C strain) in yeast/Escherichia coli shuttle vector, pRS424, named pRS424FLD2, was described previously (28) . In this study, we used the pRSR424FLD2-BcgI plasmid in which the BcgI site was engineered at the 3Ј-end of the D2 sequence. The BcgI restriction site was located 12 nucleotides downstream from the 3Ј terminus of the cDNA encoding the D2 RNA in the plasmid. Digestion with BcgI would create a blunt end at the 3Ј terminus of the cDNA, which upon in vitro transcription would generate an RNA as a run-off transcript without any additional nucleotides at the 3Ј-end (29) .
Yeast homologous recombination (28 -31) was used to generate full-length cDNAs containing chimeric NS5. Briefly, the full-length D2 cDNA, encoding the NS5 MT domain (corresponding to aa 1-270; nucleotide positions 7568 -8377) that is targeted for substitution with the corresponding D4MT domain, was digested with restriction enzyme StuI (nucleotide positions 8960 -8965; linear cDNA template 1). For the construction of the D2 cDNA containing the NS3 D290N mutation, the D2 cDNA was digested with XhoI (linear cDNA template 2). A PCR was performed to amplify the D4MT domain flanked by 33 nucleotides of D2 viral sequences both 5Ј (in the NS4B region) and 3Ј (in the POL domain) using the sense primer (5Ј-TCCATCATGAAGAACACAACCAACACGA-GAAGGGGAACTGGGACCACAGGAGAG-3Ј) and the antisense primer (5Ј-TATTCTTTTCCCGATTATGTCTAGGT-TTGGTATTTCTGTTTCAGTGGAGACACT-3Ј; PCR product 1). For construction of D4MT K74I/D2POL chimeric cDNA, the DNA fragment containing D4MT K74I was amplified by RT-PCR using the RNA extracted from the 30-day supernatant as the template and using the primers 7250F and 8600R (Table 1 ; PCR product 2). For the construction of D2 NS3 D290N mutant cDNA and the D4MT/D2POL cDNA containing the D2 NS3 D290N suppressor mutation, the DNA fragment containing the NS3 D290N mutation was amplified by RT-PCR using the RNA extracted from the 30-day supernatant as the template and the primers 5000F and 5700R (Table 1; PCR product 3). The PCR products were purified using a kit (Zymo Research). For the construction of NS5 D4MT/D2POL chimeric cDNA, the StuI-digested linear cDNA template 1 (see above) was mixed with the PCR product 1 prior to the yeast homologous recombination described below. For the construction of NS5 D4MT K74I/D2POL chimeric cDNA, the linear cDNA template 1 and the PCR product 2 were mixed prior to yeast homologous recombination. D2 containing the NS3 D290N mutation, the linear cDNA template 2 (see above) was mixed with PCR product 3 prior to yeast recombination. For the construction of D4MT/D2POL chimeric cDNA containing the NS3 D290N suppressor mutation, StuI-linearized D4MT/ D2POL chimeric cDNA was mixed with PCR product 3 for homologous recombination. The competent Saccharomyces cerevisiae YPH857 cells were transformed with the corresponding cDNA and PCR product. After transformation, yeast harboring recombinant plasmids were selected on solid media lacking tryptophan. DNA was extracted from the positive yeast colonies and was used to transform E. coli Stbl2 (Invitrogen). The cDNA plasmid (pRS424-D2 encoding the D4MT domain) was isolated from transformed Stbl2 cells, and the DNA sequence of the chimeric NS5 was verified.
In Vitro Transcription, Electroporation, and Mammalian Cell Culture-Plasmid DNA was linearized at the 3Ј-end of the viral sequence with the restriction endonuclease BcgI and used as the template for in vitro transcription catalyzed by SP6 RNA polymerase (Epicenter Biotechnologies) in the presence of the 7-Me GpppG cap analog as described previously (32) . RNA (ϳ3 g) was transfected by electroporation (Amaxa Nucleofector II system, Amaxa Biosystems, Cologne, Germany) into BHK-21 cells using the program A031. Briefly, ϳ1 ϫ 10 6 cells were resuspended in 100 l of Ingenio solution (Mirus Bio, Madison, WI). After pulsing, cells were carefully transferred into prewarmed complete medium (Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum and 1ϫ streptomycin/penicillin). Cells were allowed to recover for 5 min at 37°C in an incubator. Cells were resuspended in 10 ml of complete DMEM and incubated in a T-12.5 flask. On days 2 and 9, cells were trypsinized and transferred into a T-25 and T-75 flask, respectively. This procedure was repeated using one-third of the trypsinized cells from a T-75 flask every 5-7 days.
Immunofluorescence-For IFA, RNA-transfected cells at the end of indicated time periods were seeded into a 1-cm 2 chamber slide (LabTek). Cells were fixed by treatment with acetone and were incubated with a 1:200 dilution of 7E11, a monoclonal antibody against D2 NS1 antigen. FITC goat anti-mouse immunoglobulin G conjugates (Kirkegaard & Perry Laboratories) were used as a secondary antibody at a 1:100 dilution. Immunofluorescence photomicrographs (ϫ200 magnification) were acquired using a Leitz Diaplan microscope coupled to the Leica/Wild MPS48 automated photographic system. The numbers and intensities of positive cells were compared utilizing the ImageJ program (National Institutes of Health).
Viral RNA Extraction and Sequencing-After clarification of the culture medium at 13,000 rpm for 3 min at 4°C, viral RNA was extracted from 500 l of the supernatant using a mini-RNA kit (Qiagen). Cellular RNA was extracted with TRIzol solution following the manufacturer's protocol (Invitrogen). Viral RNA was used as the template for reverse transcription in a 20-l reaction volume containing 200 units of murine Maloney leukemia virus reverse transcriptase (New England Biolabs), the manufacturer-supplied buffer, random primers (3 M), and dNTPs (500 M). The entire region of NS5 was amplified with oligonucleotides corresponding to sense D2 nt 7251-7271 (NS4B) and antisense D2 nt 10,503-10,523 (3Ј-UTR). To sequence the entire genome to identify any compensatory mutations, ϳ1.2-kb-long overlapping fragments covering the viral genome were amplified with each specific primer pair (for the list of primers, see Table 1 ). The 5Ј and 3Ј termini of the genome were also sequenced by circularization of the RNA by ligation, followed by PCR (29) .
Renilla Luciferase (Rluc) Reporter Replicon Assay-Construction of the D2 replicon encoding the Rluc reporter in pRS424 vector has been described previously (32) . The BcgI site was created at the 3Ј terminus of the replicon cDNA to generate in vitro RNA transcripts without extra non-viral sequences as described above. Then either the NS5 D4MT region or the NS3 D290N mutation was inserted into the WT D2 Rluc replicon cDNA using in vivo yeast recombination as described above for the construction of the full-length chimeric cDNA clones.
The replicon RNAs were made by SP6 polymerase-driven in vitro transcription in the presence of the 7Me GpppG cap analog. RNA (ϳ3 g) was electroporated into BHK-21 cells. In some experiments, in order to monitor the transfection efficiency, RNA transcribed in vitro from a plasmid encoding the firefly luciferase (Fluc) gene flanked by the 5Ј-and 3Ј-UTRs of the rabbit ␣-globin gene (pGLGpA; kind gift of Dr. Theo Dreher, Oregon State University) was mixed with Rluc replicon RNAs for transfection as follows. The pGLGpA plasmid encoding the Fluc gene was linearized by Acc65I, and the RNA transcript was made by in vitro SP6 RNA polymerase reaction (Ambion). 5Ј-capped Fluc RNA (0.1 g) was mixed with replicon RNAs and electroporated into BHK-21 cells. Subsequently, cells were plated onto 6-well plates. The cells were periodically (3, 24, 48, and 72 h) lysed with 200 l of 1ϫ Renilla luciferase (Rluc) lysis buffer (Promega) or lysis buffer for the dual luciferase assay as recommended by the manufacturer (Promega). Aliquots (20 l) of the lysates were used for measurement of Fluc and/or Rluc activity using a Centro LB 960 luminometer (Berthold Technologies) by injecting 50 l of 1ϫ Rluc or Fluc substrate with settings of 10-s reading and 2-s delay.
Quantitative Real-time PCR (qPCR)-D2 cDNA encoding the 5Ј-terminal 1-224 nt was made by PCR using the full-length D2 cDNA as the template. After purifying PCR products from agarose gel using a Zymogen kit, the DNA concentration was measured by absorbance (A 260 nm ) using a NanoDrop spectrophotometer ND-1000 (NanoDrop). This DNA was used as the standard for PCR to determine the copy number of the virus genome from the threshold cycle (C t ) value. Viral RNAs were extracted from supernatants using an RNA extraction kit (Qiagen) as well as from cells using TRIzol reagent (Invitrogen). The
TABLE 1 Primers used for sequencing the cDNAs of chimeric viral RNAs
The cDNAs were amplified from chimeric viral RNAs with or without acquired mutations by RT-PCR as described under "Experimental Procedures."
Primer number a
Primer sequence 9F  TCT ACG TGG ACC GAC AAA GAC  222R  TCC TCG TCC CTG CAG CAT TCC  962F  AGA GAC TTT GTA GAA GGG GTT  1100R AGT GGC AGG AGG TTG TTT GGC TTC 1767F
ACT GTT CAC AGG ACA TCT CAA 2300R
GAC TCC TAT GAG GAT TTT CAT 2970F
CAT GTC AGC GGC CAT AAA AGA 3260R
CAC CAC TGT GGT TCC TTC GCA  4000F  TGT CCG TTT CCC CAC TGT TCT  4200R CAT TCT TTA GGA GTG AAC TGG 5000F
CAT ATG TGA GTG CTA TAG CCC 5200R
CGA CTC TAG TGG GGG CCA GGA 5700R
GGT TCT AGT CTT GAC ATA CTC 6000F
CTC CTA GAT AAC ATC AAC ACA 6200R
CAA AAC ACC ACC TTC TGT CTG 7000F
TGT CAT TGC CAT CTG TGT CAC 9556F
CAA GAA TGG CCA TCA GTG GAG 9760R
GGT TTC TGC ATG GAA CTA CAA 10455F
TCT GGG AGG CCA CAA ACC ATG 10620F
CAG CAT ATT GAC GCT GGG AAA 3ЈendR
AGA ACC TGT TGA TTC AAC AGC a F and R refer to forward and reverse primers. The primer numbers refer to their positions in the D2 genome of New Guinea C-strain (28) . b D4 primer is in the MT domain of NS5. cDNAs were generated from the extracted RNA using the murine Maloney leukemia virus reverse transcriptase reaction (20 l) incubated at 42°C for 2 h. Assuming 100% reaction efficiency, qPCR was performed in duplicate, including no-template controls that ensured a lack of signal in the assay background. Each cDNA solution was mixed with iQ TM -SYBR Green supermix (Bio-Rad) and 12 pmol of primers in 20 l of PCR mixture using the following conditions: initial denaturation at 95°C for 30 s and then 40 cycles of 95°C for 15 s, 55°C for 30 s, and 72°C for 30 s, using the iQ5 Multicolor Real-time PCR Detection System. The data were collected during each cycle at the 72°C extension step with the iQ5 Optical System version 2.1 (Bio-Rad). The qPCR results were imported into Microsoft Excel, and the average values of duplicate C t values were compared and converted to copy numbers of the viral genome. The amounts of intracellular viral genome were determined as ⌬C t values by comparing with cellular GAPDH RNA in the qPCR reaction using GAPDH-specific primers (32) .
E. coli Expression of the NS5 D4MT/D2POL Protein and Purification-To express the chimeric NS5 protein, PCR was carried out using the primer 5Ј-TAAGGATCCGGAACTGG-GACCACAGGAGAG-3Ј containing the underlined BamHI site and the region between nt 7563 and 7583 from the D4 genome as the forward primer and the reverse primer, 5Ј-TAA-AAGCTTCTACCACAGGACTCCTGCCTC-3Ј, containing the underlined HindIII site, nt 10,252-10,272, from the D2 genome and the template containing the full-length D2 cDNA encoding the NS5 D4MT domain. A 2.8-kilobase pair fragment was obtained. The PCR product was digested with BamHI and Hin-dIII and cloned into pQE30 vector (Qiagen), also digested with the same restriction enzymes to yield the plasmid pQE30-NS5 D4MT/D2POL with an N-terminal His tag. The NS5 D4MT/ D2POL encoding the K74I mutation (NS5 D4MT K74I/ D2POL) in pQE30 vector was constructed from the cDNA obtained by RT-PCR of virion RNA extracted from the 30-day post-transfection supernatant using the same forward and reverse primers as above.
E. coli (XL1-Blue) cells were transformed with the plasmids and were grown in 1 liter of LB medium containing 100 g/ml ampicillin and 0.5% glucose (w/v) at 37°C. After A 600 nm reached 0.55-0.6, the bacteria were centrifuged at 5800 ϫ g to remove any residual glucose and resuspended in 1 liter of LB medium containing 1 mM isopropyl-␤-D-thiogalactopyranoside and 100 g/ml ampicillin. The E. coli cells were incubated at 18°C for 48 h and pelleted by centrifugation at 5800 ϫ g. Cell pellet was resuspended using 30 ml of lysis buffer (100 mM Tris, pH 8.0, 300 mM NaCl, 20% glycerol, and 1ϫ Complete TM protease inhibitor mixture from Roche Applied Science). After three freeze in dry ice/thaw at room temperature cycles, the E. coli cell suspension was sonicated for 20 min at 40 watts (15 s on and 45 s off) on ice. After centrifugation of the cell lysate at 17,200 ϫ g, the supernatant was mixed with 1.5 ml of Talon resin (Clontech) and incubated at 4°C for 1 h. After washing the beads using the same lysis buffer four times and centrifugation at 800 ϫ g for 1 min after each wash, the protein was eluted with 150 mM imidazole-containing buffer (100 mM Tris-HCl, pH 7.5, 300 mM NaCl, 20% glycerol) The eluate was dialyzed using a dialysis membrane (Spectra/Por; M r 1000 cut-off) against a buffer (100 mM Tris-HCl, pH 7.5, 300 mM NaCl, and 20% glycerol). The purified NS5 was stored in aliquots at Ϫ80°C.
In Vitro POL Assay-POL activities of wild type and the chimeric NS5 were assayed using a minigenome RNA as the template (17, 29) . The template RNA contained sequences from the 5Ј-end (224 nucleotides) fused to the 3Ј-end (493 nucleotides) of the D2 genome. PCR was performed using the forward primer that contained the modified T7-promoter sequence, which initiates transcription at A, the authentic D2 5Ј-end (5Ј-TAATACGACTCACTATTAG), and the reverse primer containing the 3Ј-terminal sequence (5Ј-AGAACCTGT-TGATTCAACAG). After purification of the PCR product using a Zymogen kit, the RNA template was synthesized by T7-RNA polymerase (Epicenter Technologies). The transcribed RNA was quantified by spectrophotometry, and the integrity was verified by agarose gel electrophoresis.
The POL assay was performed in a standard reaction mixture (50 l) containing 50 mM Tris-HCl (pH 8.0); 50 mM NaCl; 5 mM MgCl 2 ; template RNA (0.2 g; 0.2 pmol); 500 M each ATP, GTP, and UTP; 10 M unlabeled CTP; and 10 Ci of [␣-32 P]CTP along with 400 ng (4 pmol) of purified NS5. The reaction was carried out by incubation at 37°C and at various time points was terminated by acid phenol-chloroform extraction, followed by purification with a Bio-Rad P-30 column to remove the unincorporated nucleotides. Radioactive RNA products were analyzed by formaldehyde-agarose gel electrophoresis and visualized by autoradiography (17) . Band intensities were measured with ImageQuantTL software (GE Healthcare) in a PhosphorImager (Molecular Dynamics).
RNA MT Assay-The substrate RNA (200 nt from the 5Ј-end of the D2 RNA) for the MT assay was produced by in vitro transcription of the PCR fragment amplified from the pSY-2 plasmid (33). The standard PCR was performed using the forward primer that contained the T7 promoter (5Ј-CAGTA-ATACGACTCACTATTAGTTGTTAGTCTACGTG-3Ј) and the reverse primer (5Ј-AGTGAGAATCTCTTTGTCAGCTG-3Ј), pSY2 plasmid template, and AmpliTaq DNA polymerase (described in detail in Ref. 34 ).
The PCR-amplified DNA fragment was used as a template for in vitro transcription (34) . RNA was recovered using the RNA Clean and Concentrator TM -5 kit (Zymo Research). After checking the integrity of the RNA by gel electrophoresis, it was stored at Ϫ80°C in aliquots.
A guanylyl cap was first added to the 200-nt RNA in a reaction (20 l) containing 1 g of RNA (4 l), 10ϫ ScriptCap m7G reaction buffer (500 mM Tris-HCl, pH 8.0, 60 mM KCl, and 12.5 mM MgCl 2 ) (2 l), 10 mM GTP (2 l), 10 Ci/l [␣-32 P]GTP (2 l), 40 units/l RNase inhibitor (0.5 l), 10 units/l vaccinia virus ScriptCap m7G capping enzyme (1 l) and incubated for 1 h at 37°C. After purification of the G-capped RNA, it was used as the template for MT activity of NS5. The components of the MT assay in a 10-l volume were as follows: 1.5 l of RNasefree water, 1 l of 10ϫ MT buffer (500 mM Tris-HCl, pH 7.5, 100 mM KCl, 20 mM MgCl 2 , and 20 mM DTT), 0.5 l of 8 mM AdoMet, 0.5 l of 40 units/l RNase inhibitor, 5 l of 5Ј-caplabeled RNA, and 1 l of 10 M D2 NS5 proteins. Following 1 h of incubation at 37°C, the samples were passed through P-30 gel filtration columns (Bio-Rad), and RNAs were purified using the kit. RNAs were treated with 1 unit of nuclease P1 in 0.75 M sodium acetate solution (1 l for each reaction) and incubated for 1 h at 37°C. The reactions were terminated by heating to 95°C for 5 min, and the methylated and unmethylated species were separated by thin layer chromatography using 0.45 M ammonium sulfate as the solvent. ␣-32 P-Labeled species from the MT reaction were visualized and quantified using a PhosphorImager (Molecular Dynamics). Spot intensities were quantified using ImageJ (National Institutes of Health) and GraphPad Prism version 5.
RESULTS

Infectivity of Full-length D2 RNA Containing NS5 D4MT
Domain Is Severely Impaired-In this study, we investigated the effect of substitution of the NS5 MT domain (aa 1-270) of D2 RNA with that of D4 on the ability to produce infectious virus. NS5 D4MT was chosen because sequence identity is the lowest between D2 and D4 among the four dengue virus serotypes, and they are evolutionarily distant from each other. The sequence identity between the D2MT and D4MT domains is 72.6% (Fig.  1A ). Using homologous recombination in yeast, NS5 D2MT domain (4, 5) was replaced by the corresponding domain of D4.
Full-length wild type (WT) D2 RNA and D2 RNA encoding NS5 D4MT domain (hereafter referred as NS5 D4MT/D2POL chimera RNA) were generated by in vitro transcription and transfected into BHK-21 cells as described under "Experimental Procedures." An IFA specific for D2 NS1 was performed at various times post-transfection to monitor virus replication. WT D2 RNA-transfected cells produced virus, and most of the cells became NS1-positive by day 5, whereas NS5 D4MT/ D2POL chimera RNA-transfected cells showed NS1 expression only after 15 days post-transfection and reached a level comparable with WT RNA at day 30 ( Fig. 1B) .
To measure the viral RNA levels, the viral RNAs were extracted from the supernatants containing the released virus particles. The intracellular viral RNAs were isolated from cells transfected with WT D2 RNA and the NS5 D4MT/D2POL chimera RNA. Samples were subjected to qPCR analysis as described under "Experimental Procedures." The viral RNA level from supernatant from WT D2 RNA-transfected cells had reached a plateau on day 5 (Fig. 1C ). However, the viral RNA level from the NS5 D4MT/D2POL chimeric RNA-transfected cells reached this level on day 30 (Fig. 1C ). We then measured the intracellular viral RNA levels for WT D2 RNA-transfected cells on day 5 and the NS5 D4MT/D2POL chimeric RNA-transfected cells on day 30 using the mRNA of the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), as an internal control for normalization. The intracellular viral RNA copy numbers were similar for WT RNAtransfected cells on day 5 and the NS5 D4MT/D2POL chimeric RNA-transfected cells on day 30 (Fig. 1D) . These results suggested that although the NS5 D4MT/D2POL chimeric RNAtransfected cells replicate more slowly than the WT D2 RNAtransfected cells, once enough viral proteins are translated and processed by cellular and viral proteases, viral RNA replication and virion assembly reach similar levels.
Sequence Analysis of the Recovered Viral RNAs Identified K74I in NS5 D4MT Domain or D290N in D2 NS3 Helicase Domain-To determine whether compensatory mutations have occurred, the released virus particles in the medium from the NS5 D4MT/D2POL chimeric RNA-transfected cells were collected periodically, and RNAs were extracted. The cDNAs produced by RT-PCR were sequenced as described under "Experimental Procedures." A single mutation at position 221 nt of the NS5 D4MT domain in the codon AAA to ATA, resulting in a Lys 74 3 Ile substitution, appeared 9 days post-transfection. In two of three independent experiments, the same K74I mutation occurred ( Fig. 2A) . The mutant virus quickly became the predominant species compared with the sequence of the original NS5 D4MT/D2POL chimera. WT D2MT domain has a Glu instead of Lys in the WT D4MT domain (asterisk in Fig. 2C ).
In the third independent experiment, the NS5 D4MT/ D2POL chimeric virus retained the original D4MT sequence even after day 65 post-transfection ( Fig. 2A ). Sequence analysis of the RNA showed the G868A mutation in the D2 NS3 gene on day 27 post-transfection (Fig. 2B ). This mutation led to the D290N substitution in the Walker B motif in the NS3. The Asp at this location is conserved in other flaviviruses (Fig. 2D) . Except for the ambiguity in reading the terminal ϳ20-nt regions in the 5Ј-and 3Ј-UTR, no other mutations were detected in all three experiments even at later time points beyond 60 days.
Our results suggested that the NS5 D4MT K74I or D2 NS3 D290N mutation conferred the NS5 D4MT/D2POL chimera virus selective fitness to recover from the debilitating substitution of the D4MT domain in the context of the D2 infectious clone. To confirm this acquired fitness of the chimera virus, we infected naive BHK-21 cells with supernatants of NS5 D4MT K74I/D2POL or NS3 D290N/D4MT/D2POL chimeric RNAtransfected cells collected at day 30 post-transfection, respectively, and monitored the infectivity by IFA. The chimeric virus with either of the acquired mutations, NS5 D4MT K74I or D2 NS3 D290N, replicated more slowly than the WT D2-infected cells at 3 days postinfection (Fig. 3, A and B) . However, the time of appearance of NS1-positive cells in the chimeric NS5 D4MT K74I or D2 NS3 D290N virus-infected cells was faster than the original chimeric RNA because the NS1-positive cells appeared from day 2 postinfection (Fig. 3C ). The extracellular viral RNAs extracted from the supernatants of the WT D2 and chimeric virus-infected cells were analyzed by qPCR (Fig. 3D) . The results were consistent with the IFA data. Thus, these chimeric viruses replicated considerably faster than the time taken for the original NS5 D4MT/D2POL chimeric RNA to gain replication fitness in the transfected cells.
The Chimeric RNA Can Be Trans-complemented by Cotransfection of WT D2 NS5 Expression Plasmid-The virus replication of the NS5 chimeric RNA was slow, suggesting that either replication per se or assembly into infectious particles and cellto-cell spread was inefficient compared with WT D2 RNA. We surmised that if the NS5 D4MT chimera in the context of fulllength D2 RNA is defective due to incompatibility between chimeric NS5 and the reminder of the components of replication and/or 5Ј-capping complex, providing WT D2 NS5 in trans could at least partially restore the viral replication. We thus examined the effect of WT D2 NS5 cloned under the control of the pCMV promoter and supplied in trans by electroporation along with the full-length NS5 D4MT/D2POL chimera RNA into BHK-21 cells. When NS5 D4MT/D2POL chimeric RNA and pCMV-NS5 expression plasmid (35) were cotransfected, multiple IFA-positive large clusters of cells appeared on day 9, and most of the cells became NS1-positive on day 15 (Fig. 4A) .
The viral RNA copy number was determined by qPCR. The result showed that the double transfection with the WT D2 NS5 expression plasmid produced 4 times higher RNA than the NS5 D4MT/ D2POL chimeric RNA transfection alone (Fig. 4B ). The sequence analysis of the RNA isolated from the virions released from the trans-complemented cells on day 9 revealed that the K74I mutation in the NS5 D4MT/D2POL chimeric RNA still appeared. These results suggest that there is a delay in viral replication of NS5 D4MT/D2POL chimeric RNA, which could be partially corrected by providing WT homologous D2 NS5 in trans.
Rluc Reporter Expression of WT and NS5 D4MT/D2POL Chimeric Replicon RNAs Reveals a Defect in Translation of the Newly Replicated
Chimeric RNA-To test whether the decrease in viral RNA copy number in NS5 D4MT/D2POL chimeric RNA-transfected cells is due to the low translation efficiency or the slow replication rate of the viral RNA, we sought to assess the efficiency of translation of WT D2 and NS5 D4MT/D2POL chimeric replicon RNAs. To this end, we constructed the NS5 D4MT/D2POL chimeric replicon RNA expressing Rluc reporter as well as the replicons containing the adaptive mutation K74I or D290N. The construction of WT D2 Rluc replicon RNA has been described previously (32) . The 5Ј-capped Rluc reporter replicon RNAs were produced by in vitro transcription in the presence of 5Ј-cap analog. The 5Ј-capped NS5 D4MT/D2POL chimeric replicon RNA was translated with 2.5-fold less efficiency than the WT D2 replicon RNA, although translation efficiency of in vitro transcribed and 5Ј-capped Rluc replicon RNA is expected to be the same (Table 3 ). To examine whether this difference could be due to transfection efficiency, the levels of transfected viral RNAs in the same transfection experiment at 3 h post-transfection were measured by qPCR (Fig.  5) . The input RNA level in the D4MT/D2POL chimeric RNA-transfected cells was 2.5-fold less abundant than WT D2 RNA (calculated from the C t values; not shown), attrib-uted to differences in the transfection efficiency of NS5 D4MT/D2POL chimeric RNA compared with WT D2 RNA. Based on this result, the translation efficiency of in vitrocapped WT and NS5 D4MT/D2POL RNA is the same (RLU 17,778 ϫ 2.5 ϭ 44,445). At 24 h post-transfection, the Rluc activities of both WT and the D4MT/D2POL RNAs decreased, probably due to decay of the Rluc protein, which has a half-life of ϳ3 h, as noted previously (32) . During the 48 and 72 h post-transfection, in the WT D2 RNA-transfected cells, there was a dramatic increase in Rluc activity due to translation of newly replicated RNAs. In contrast, Rluc expression in cells transfected with the NS5 D4MT/D2POL chimeric replicon RNA remained low at 48 and 72 h ( Table  3) , indicating that translation of the newly replicated NS5 D4MT/D2POL chimeric replicon RNA is severely impaired ( Table 3 and Fig. 5 ). In fact, the translation of the newly replicated NS5 D4MT/D2POL chimeric replicon RNA at the 72 h time point was ϳ300-fold lower than WT D2 replicon RNA (1,795,965/5955; see Table 3 and legend).
Next, we sought to examine the translation and replication of the NS5 D4MT K74I/D2POL and the NS5 D4MT/D2POL chimeric replicon RNA containing the NS3 D290N mutation because these mutations conferred replication fitness in the context of full-length chimeric RNA. The various 5Ј-capped Rluc replicon RNAs as well as the uncapped WT D2 replicon RNA as a control along with the GLGpA RNA encoding the Fluc gene as an internal control were transfected into BHK-21 cells. As a control, we also transfected 5Ј-capped WT D2 having a D290N mutation. Rluc (Table 4 ) and Fluc (Table 2) activities were measured by a dual luciferase assay as described under "Experimental Procedures." Fluc activities were used to normalize the Rluc activities. The Rluc activity of uncapped WT D2 replicon RNA was very low, close to the background level, due to low translation efficiency of the uncapped RNA compared with that of the in vitro capped replicon RNA (Table 4 ). On the other hand, the 5Ј-capped D2 WT having a D290N mutation showed Rluc activity ϳ20% less than the level obtained with the capped WT D2 RNA (Table 4) .
Rluc expression in cells transfected with the NS5 D4MT/ D2POL replicon RNA containing either K74I mutation in the D4MT domain or D290N mutation in the NS3 helicase domain showed a similar trend as the NS5 D4MT/D2POL chimeric replicon RNA and remained low at 48 and 72 h ( Table 4 ). These results indicated that 5Ј-capping is important for viral RNA translation and hence replication. The Rluc expression with 1 g) was mixed with the respective Rluc replicon RNA (3 g) and electroporated into BHK-21 cells, and dual luciferase assays were performed as described under "Experimental Procedures." The experiments were done in duplicate, and the Rluc activities were normalized (as given in Table 4 ) based on the Fluc activity shown here.
WT and NS5 D4MT/D2POL replicon RNAs suggested that two factors could impact the Rluc activity: the translation efficiency, which is modulated by 5Ј-capping, and the replication efficiency. Both correlate with the available RNA template and viral replicase, which impact the viral RNA copy number in the transfected cells. qPCR for Measuring the Replicon RNA Levels-We then tested whether the low Rluc activity in the NS5 D4MT/D2POL replicon RNA results from the low amount of replicon RNA. The viral RNA levels were measured by qPCR and normalized based on the cellular GAPDH RNA (Fig. 5) . Interestingly, the difference in the levels of WT and NS5 D4MT/D2POL chimeric replicon RNAs at 48 h post-transfection was ϳ18-fold (2 5.5 / 2.5; calculated from C t values; not shown), although the Rluc activity of WT D2 replicon RNA at 48 h was greater than ϳ167fold of chimeric replicon RNA (Table 3) . Thus, the NS5 D4MT/ D2POL chimera replicon RNA was ϳ10-fold less efficient in translation compared with the WT D2 RNA (see "Discussion"). Tables 3 and 4 showed that the K74I mutation in the NS5 D4MT domain or the D290N mutation in D2 NS3 in the context of D4MT/ D2POL replicon RNAs did not confer any selective fitness for replication within the 72-h incubation of replicon-transfected cells. Therefore, we sought to verify whether these adaptive mutations that emerged during the course of replication of fulllength NS5 D4MT/D2POL chimera RNA could indeed confer replication fitness to full-length NS5 D4MT/D2POL chimera RNA. We engineered the K74I or D290N mutation individually into full-length NS5 D4MT/D2POL chimeric cDNAs, synthesized the respective RNAs by in vitro transcription, and transfected the RNAs into BHK-21 cells. The replication of the RNAs was analyzed by IFA for expression of NS1 as well as qPCR. The results shown in Fig. 6, A and B , indicate that these adaptive mutations in the context of full-length NS5 D4MT/ D2POL chimeric RNAs enhanced translation of the viral protein as well as RNA replication in the 5Ј-capped RNA-transfected cells (Fig. 6, A and B) . However, the 5-day supernatants from the transfected cells could not initiate a new round of translation and replication in naive BHK-21 cells in contrast to the ϳ30-day supernatants (see Fig. 3 , C and D) (data not shown). These results suggested that the acquired mutations conferred a growth advantage to the D4MT/D2POL chimeric RNA. However, acquisition of adaptive mutations alone was not sufficient to produce infectious viral genome species released into the medium. Subsequent evolution of the viral genome species in the host cell environment during serial passages was required for assembly and release of infectious particles into the medium.
K74I Mutation in NS5 D4MT/D2POL Chimera or D290N Mutation in D2 NS3 Domain in the Context of Full-length RNA Restores Replication Fitness-The results in
Polymerase and Methyltransferase Activities of Recombinant NS5 D4MT/D2POL Proteins Are Not Altered-Next, we sought to test the in vitro MT and POL activities of NS5 D4MT/ D2POL with or without the K74I mutation. We expressed the chimeric NS5 proteins in E. coli. The purified full-length chimeric NS5 proteins (104 kDa) were used in our studies. POL activities of NS5 proteins were assayed using a D2 minigenome RNA as a template (17, 29, 33) . The polymerase activities of the mutants and WT NS5s did not appreciably differ (Fig. 7, A and  B) . Under the reaction conditions used (37°C), total RNA synthesis by elongation from the 3Ј-OH of the D2 minigenome RNA template was obtained, quantified, and plotted (Fig. 7, A  and B) (17, 18) .
Next, using the in vitro MT assays for both N-7-and 2Ј-Omethylations of guanylylated 200-nt 5Ј-D2 RNA substrate, we examined the MT activities of WT and NS5 D4MT/D2POL chimeric protein with or without the acquired mutation, K74I ( Fig. 8 and Table 5 ). The MT activities of the recombinant WT or NS5 D4MT/D2POL chimeric proteins were also not significantly affected. The level of NS5 D4MT/D2POL chimeric replicon RNA at the 3 h time point determined by qPCR was 2.5-fold less abundant than WT D2 replicon RNA due to differences in the transfection efficiency ( Fig. 5 ) (C t values not shown). Based on this result, the translation efficiency of in vitro capped WT D2 and NS5 D4MT/D2POL replicon RNAs is the same (RLU 17,778 ϫ 2.5 ϭ 44,445) . The RLU at the 72 h time point is ϳ5955. 
DISCUSSION
Flavivirus life cycle consists of multiple steps involving highly orchestrated protein-protein and protein-viral RNA interactions involving both viral and host proteins. These specific interactions could explain viral differences in pathogenicity that evolve over time and how viruses adapt to the distinct innate immune mechanisms mounted by both mammalian hosts and insect vectors to restrict their growth (for reviews, see Refs. 36 and 37 and the references therein).
Previous studies have shown that substitution of only the 3Ј-stem-loop structure of West Nile virus RNA with the corresponding region from D2 was detrimental for virus replication, albeit the two RNA elements are conserved in secondary structures analyzed by Mfold (38, 39) . On the other hand, the substitution of 5Ј-UTR of West Nile virus RNA with that of D2 was somewhat tolerated (39) . These results revealed that even when the viral proteins involved in RNA replication and assembly are derived from the same virus, their interactions with the critical RNA elements and the host proteins could be affected significantly by substitutions in the RNA template.
However, the region of flavivirus genome encoding the structural proteins can be largely replaced by the corresponding region from a heterologous flavivirus (40 -42) or substituted by a unrelated reporter gene without affecting the replication of the viral RNA to any significant extent (43) . The strategy of substitution of genes encoding structural proteins, prM and E, of different flaviviruses has been utilized to construct live attenuated chimeric viruses as vaccine candidates using the yellow fever virus or the attenuated D4 RNA as the backbone (40 -42) . However, point mutations or deletions of conserved motifs within the nonstructural proteins or cis-acting RNA elements were lethal due to their requirement for viral RNA replication (43, 44) (for reviews, see Refs. 22 and 23 and references therein).
Viruses continuously evolve when subjected to intracellular or extracellular factors that restrict their genome replication. They gain replication fitness at least partially by acquisition of specific adaptive mutations, the rate of which is dependent on the extent of replicative block. For example, blocking the NS2B/ NS3 protease-mediated internal cleavage of NS2A by substitution of lysine of the QKT 3 QST motif, did not impair viral replication but impacted virion assembly (45) . Two types of suppressor mutations restored the function of the NS2A internal cleavage site; the first occurred by insertion of amino acid residues to restore cleavability at the NS2A site, and the second occurred by a suppressor mutation in the NS3 helicase domain, which revealed a functional link between NS2A and NS3 (45) . In another study, a single conserved amino acid substitution, D146A in the MT domain of D1 NS5, abolished both N-7 and 2Ј-O-methylations of G-capped RNA and was lethal for viral replication (46) . Continuous passage of culture supernatants from the D146A mutant RNA-transfected cells for infection of naive Vero cells for 12 days did not yield any plaques, indicating that the mutation was lethal for replication. However, transfection of the mutant RNA into BHK-21 cells stably expressing D1 replicon RNA was trans-complemented. Similarly, deletion of highly conserved NS5 POL motif, GDD 3 GVD, or the AdoMet binding site in the Kunjin virus NS5 MT domain (aa 78 -87) could be trans-complemented by transfection of mutant genomic RNA into BHK-21 cells stably expressing Kunjin virus replicon (47) . Dengue virus type 1 chimeras containing either West Nile virus MT or POL domain or complete NS5 was replication-defective but could be trans-complemented in D1 replicon-expressing cells (46) .
In this study, we examined the effect of substitution of the entire MT domain of D2 NS5 (1-270 amino acid residues) with that of D4 in the full-length D2 RNA. The sequence identity between D2MT and D4MT domains is 72.6% (Fig. 1A) . The Nand C-terminal domains of NS5 have distinct enzyme activities involved in 5Ј-capping and viral RNA replication. The C-terminal region of NS5 has POL activity that is required for viral replication (reviewed in Ref. 48) . Moreover, the MT activity of full-length NS5 in the synthesis of fully methylated product, 7Me GpppA 2Ј-OMe , was 2-fold higher than the N-terminal domain alone (data not shown), suggesting that the conformation of full-length NS5 and/or an interdomain interaction between the N-and C-terminal regions of NS5 facilitates the MT activity. Therefore, we hypothesized that substitution of an entire functional domain of D2 serotype with that of D4 could interfere with one or both functions of NS5 if precise molecular Table 5 . a Values represent mean and S.E. of four values from two independent experiments (Fig. 8 ). The total radioactivity in each lane was normalized to 100%, and the percentage distribution of the radioactivity in various spots was calculated.
interactions among homologous viral components are required in 5Ј-capping and RNA replication. In this study, we show for the first time that the two functional MT domains involved in 5Ј-capping could be interchanged between two evolutionarily distant dengue virus serotypes, D2 and D4. Although the viral replication was initially severely impaired, by repeated passages of BHK-21 cells transfected with mutant chimera RNA, an attenuated chimera virus evolved with enhanced viral replication fitness with a single amino acid change, K74I, in the MT domain of chimeric NS5 or highly conserved D290N in the NS3 helicase domain.
In a previous study (49) , mutagenesis of 17 amino acid residues of the D2MT domain that were predicted to be involved in S-adenosylmethionine binding (Ser 56 , Trp 87 , and Asp 131 ) and/or MT enzyme catalysis (S56A, W87I, W87K, and D131A) drastically affected MT activity. Moreover, the clustered mutations targeting the S-adenosylmethionine binding pocket (K76A/D79A and G81A/G83A/G85A) or the mutation of MT active site residues (D146A/E149A) all either abolished or severely reduced both N-7 and 2Ј-OMe activities (Ͼ90%). Interestingly, the S46A and D131A mutations were unstable and reverted back to WT (49) . The sequence alignment of the D2MT domain that was substituted with D4MT ( Fig. 1A) shows that all of these amino acid residues that were shown to be important for N-7 and 2Ј-OMe activities and viral replication (49) are conserved in the D2MT and D4MT domains. This observation may explain why the MT activities were not affected ( Fig. 8 and Table 5 ) by the D2MT substitution with D4MT.
We have shown in this study that the in vitro MT and POL enzyme activities of WT D2 NS5 and the mutant NS5 chimeric proteins are not significantly different. The POL activity assay was performed at 37°C under conditions that favored total RNA synthesis by elongation of self-primed minigenome RNA template (17, 18) . Therefore, the existence of subtle differences in enzyme activities of WT D2 NS5 POL and the two mutant chimeric NS5 proteins in de novo initiation cannot be ruled out.
The rate of replication of the full-length RNAs was considerably delayed. This observation suggests that the amino acid residues that are different in the D4MT domain compared with D2MT are contributing to this replication block in the chimera viral RNA. Moreover, we passaged the NS5 D4MT/D2POL chimeric RNA-transfected cells for 30 days, rather than the supernatants from the transfected cells, which resulted in stable attenuated chimeric viruses with adaptive mutations in three independent experiments. In two experiments, the same K74I within the D4MT domain in the chimera virus first appeared on day 9. In the third, D290N mutation in the D2 NS3 Walker B motif was observed after day 16 and was stable even up to day 65. Interestingly, the K74I mutation occurred earlier than the D290N mutation. We further confirmed that the virus encoding the NS5 D4MT chimeric RNA with the acquired K74I mutation indeed replicated faster in BHK-21 cells than in the original NS5 D4MT/D2POL RNA-transfected cells before acquiring the mutation (Figs. 3 and 6 versus Fig. 1 ).
It is interesting that the NS5 D4MT/D2POL RNA acquires the K74I mutation instead of the Glu that is conserved in the D1, -2, and -3 MT domains. However, Japanese encephalitis virus and Murray Valley encephalitis virus MT domains have Ile at this position (Fig. 2C) . Lys 74 is located on the surface of the MT domain, away from the MT active site (Fig. 9A ). In the crystal structure of Japanese encephalitis virus NS5, Lys 74 in MT is located near the POL domain, although it is not in the interface (50) (Fig. 9B ). Thus, it is possible that Lys 74 is important for protein-protein interaction, such as with NS3 required for coordination of RNA synthesis and capping.
The second acquired mutation was D290N in NS3. Asp 290 is highly conserved in the Flaviviridae family, including dengue virus, West Nile virus, Japanese encephalitis virus, tick-borne encephalitis, and hepatitis C virus (12) , and is a part of the Walker B motif in the NS3 helicase domain ( Figs. 2C and 9A,  right) . Asp 290 is also exposed to solvent and thus could potentially be involved in the NS3 and NS5 interaction. NS3 and NS5 are shown to interact in D2-infected cells (19, 51) . Using a yeast two-hybrid assay, the C-terminal region encompassing amino acid residues 303-618 of NS3 was shown to interact with the interdomain linker region of NS5 spanning residues 320 -368 (52) . Lys 330 of NS5 was shown to be important for interaction with NS3 (53) . However, in another study using an AlphaScreen assay based on chemiluminescence signal released by two interacting proteins, it was shown that the interaction of the N-terminal NS3 protease domain with full-length NS5 was stronger than the NS3 helicase domain alone but still less than with the full-length NS3 (54) . Perhaps this acquired mutation in D2 NS3, D290N, compensates for the unfavorable molecular interactions between WT D2 NS3 and NS5 D4MT/D2POL chimera during viral RNA replication and/or 5Ј-capping.
Using Rluc reporter replicon RNAs, we provide evidence that the replication defect in RNA encoding the NS5 D4MT/D2POL is probably due to a defect in translation of newly replicated RNA. Translation of the newly replicated replicon RNAs encoding the NS5 D4MT/D2POL was dramatically decreased between 48 and 72 h post-transfection (Tables 3 and 4 ). The qPCR analysis showed that intracellular RNA levels for WT replicon RNA are only ϳ18-fold higher at 48 h than the NS5 D4MT chimeric RNA, whereas the Rluc activities (translation) for WT replicon are ϳ167-fold at 48 h and ϳ300-fold at 72 h higher than the replicon encoding NS5 D4MT/D2POL chimera (Tables 3 and 4 ). This discrepancy again suggests that the newly replicated template RNAs in chimera RNA-transfected cells are defective in translation, probably due to 5Ј-capping deficiency based on our results of Rluc activities of uncapped replicon RNA. Inefficient translation would lead to reduced accumulation of sufficient viral replicase complex required for amplification of viral templates.
When the compensatory mutation, K74I, was introduced into the replicon RNA encoding the NS5 D4MT/D2POL chimera, it did not enhance the replication fitness of NS5 D4MT/ D2POL replicon RNA within the incubation period of 72 h. To explain this unexpected result, we surmised that infectious virions produced from full-length RNA encoding NS5 D4MT/ D2POL chimera were evolved during continuous passaging for 30 days to gain replication fitness. The viral RNA genome species containing the acquired mutation (NS5 D4MT K74I or NS3 D290N) in the 30-day supernatants were capable of initi-ating infection in naive BHK-21 cells (Fig. 3) . However, the supernatants from a 5-day incubation of RNAs containing the adaptive mutations were inactive in this regard. We believe that the quasispecies that accumulate in the 30-day period give enhanced fitness for the chimeric virus. The RNA viruses that depend on error-prone RNA-dependent RNA polymerase for their replication are endowed with the ability to generate quasispecies, which give them the power to adapt to new environmental insults and challenges, as described previously for poliovirus (55) .
In contrast, we surmise that the K74I mutation introduced into the D2 replicon RNA encoding the NS5 D4MT K74I/ D2POL chimera was not subjected to selective pressure for replication of the replicon RNA. It is possible that replicon RNA is less capable of generating quasispecies due to conformational changes in the RNA as a result of an insertion of a reporter gene and/or lack of cell-to-cell spread, time of incubation, and imposed selection pressure for replication. Future experiments are likely to reveal the specific step that is defective for replication in the chimeric virus that is compensated in the 30-day supernatant. Further work is necessary to understand the specific molecular interactions among the components of flaviviral replication and 5Ј-capping complexes that are involved in the dengue virus life cycle.
